INTRODUCTION
============

Approximately 2% of the total daily sodium filtered by the kidney is reabsorbed by epithelial sodium channels (ENaC)[\*](#fn1){ref-type="fn"} from the distal tubule. Under physiological conditions, ENaC activity is adjusted to match variations in daily sodium intake to the status of the extracellular volume ([@bib10]; [@bib2]). Given the importance of ENaC on the maintenance of extracellular volume and blood pressure, many mechanisms have evolved to regulate the kinetics, synthesis, degradation, and subcellular localization of these channels.

In spite of the progress made on the understanding of ENaC regulation at the molecular level, many questions remain to be answered, in particular those regarding biosynthesis and traffic of channels and how these processes are regulated by aldosterone. It is well established that aldosterone binds to the mineralocorticoid receptor and functions as a transcriptional factor; however, the mechanisms by which aldosterone stimulates ENaC in the renal epithelium have not been satisfactorily elucidated. For instance, in rat kidney one study reported that aldosterone increased mRNA levels of the β and γ subunits but little of α ([@bib3]), whereas another study showed increase of only α mRNA ([@bib36]). At the protein level aldosterone has been shown to significantly increase only the α subunit in rat kidney ([@bib20]) and in A6 cells ([@bib22]). Other studies have found mainly posttranslational effects such as increases in open probability ([@bib16]), or have postulated translocation of channels from an intracellular pool to the plasma membrane in the early portion of the collecting tubule ([@bib20]; [@bib18]).

In this work we have used the A6 cell line derived from *Xenopus laevis* kidney to examine the biosynthesis, cellular traffic, degradation, and activity of endogenously expressed ENaC both in the absence and presence of aldosterone. A6 cells not only express ENaC but also they respond to aldosterone by increasing channel activity in a way that parallels the physiological response of the mammalian collecting duct. In addition, all the genes that regulate the activity of ENaC have been originally identified or later found in this cell line (channel-activating enzyme 1 \[CAP1\], serum- and glucocorticoid-induced kinase (*sgk*), K-Ras, Nedd4--2) ([@bib39]; [@bib21]; [@bib6]; [@bib15]). Hence, A6 cells constitute a good model to examine the regulation of ENaC by aldosterone. Studies were done with endogenous channels to avoid potential artifacts introduced by overexpression of subunits. Biosynthesis and degradation of channels were studied using a new set of three antibodies specific for each of the *Xenopus* epithelial sodium channel (*x*ENaC) subunits, whose characterization is included in this work. Activity of ENaC was assessed with the patch-clamp technique and measurements of transepithelial voltage (V~T~) and equivalent short-circuit current (I~sc~).

MATERIALS AND METHODS
=====================

Plasmid Constructs
------------------

Full-length α, β, and γ *Xenopus* ENaC subunit cDNAs ([@bib24]) were subcloned in pcDNA3.1 (Invitrogen). Green fluorescent protein (GFP) was fused to the NH~2~-terminus of αENaC in the pEGFP-C1 vector (CLONTECH Laboratories, Inc.). All constructs were sequenced at the HHMI/Keck sequencing facility at Yale University.

Antibody Generation and Purification
------------------------------------

Rabbit polyclonal antibodies against the three *Xenopus* ENaC subunits were generated against glutathione *S-*transferase (GST) fusion proteins containing the sequences H544-N632 for α, T149-N226 for β, and R566-L660 for γ. Affinity purification of sera was done by absorption first, to a GST Hi-trap column (Amersham Pharmacia Biotech), and subsequently to a column containing the specific GST fusion protein.

Cell Culture and Transfection
-----------------------------

A6 cells were provided by Dr. John Hayslett (Yale University, New Haven, CT) ([@bib13]). Cells were maintained in amphibian medium (0.75× DMEM, 10% FBS, buffered with sodium bicarbonate) in an incubator set at 27°C and with 1.5% CO~2~. All experiments were performed between passages 105 and 115. Cells were expanded on plastic dishes and then seeded on permeable supports (Transwell^®^ polycarbonate membrane with a pore size of 0.4 μm; Costar). For biochemical experiments we used filters of an area of 4.7 cm^2^ and for measurements of I~sc~ we used filters of 0.33 cm^2^. After 8 d in culture, cells were washed twice with serum-free amphibian medium and kept for two more days in the same medium before the experiments were performed. Transient transfection of A6 cells grown on plastic dishes was performed with Lipofectamine (Life Technologies).

Metabolic Labeling and Immunoprecipitations
-------------------------------------------

Cells were washed twice with serum-free amphibian medium without methionine and cysteine and incubated for 15 min in the same medium. Cells were then labeled with a mixture of \[^35^S\]methionine and \[^35^S\]cysteine (150 μCi/ml; Amersham Pharmacia Biotech) for different periods of time. When appropriate, chase medium containing a 10-fold molar excess of both methionine and cysteine was added and cells were returned to the incubator for different periods of time. Immunoprecipitation of ENaC subunits was performed as described ([@bib31]). Protein concentration in the lysates was measured with the bicinchoninic acid procedure (Pierce Chemical Co.) and equal amounts of protein were processed. GFP-αENaC fusion protein was immunoprecipitated with a commercial polyclonal antibody (CLONTECH Laboratories, Inc.). The amounts of antibodies and protein-A beads added to recover the immune complexes were titrated to ensure complete recovery of antigens from the lysates. The batches of antibodies used in all experiments were the same and the protein-A beads of equal binding capacity. Complete recovery of antigens was tested in the following way. First we immunoprecipitated the antigen with 5 μl of crude serum and 100 μl of a 1:5 (vol/vol) slurry of protein-A beads (Sigma-Aldrich). The remaining lysate was reextracted with 100 μl of protein-A beads. This was done to test if all the antibody from the first immunoprecipitation was removed with the initial amount of beads. Next, we added fresh antibody and beads and repeated the procedure. The conditions with which all antigens were recovered in the first immunoprecipitation were chosen for all subsequent experiments. The total amount of proteins in the lysate was kept constant.

Where indicated, immunoprecipitates were treated with PNGase-F (New England Biolabs, Inc.), endoglycosidase H (Endo-H) (Roche Biochemicals), calf intestinal alkaline phosphatase (New England Biolabs, Inc.), or shrimp alkaline phosphatase (Roche Biochemicals) following the manufacturer\'s instructions. Immune complexes were resolved in 10% SDS-PAGE and transferred to Immobilon-P (Millipore). Membranes were exposed to Biomax MR film (Eastman Kodak Co.) with a Biomax intensifying screen. Scanning of autoradiographs and densitometry analysis were performed in a GS-800 Densitometer and Quantity One software (Bio-Rad Laboratories).

In a group of experiments, cells were pulse-labeled with \[^35^S\]methionine and \[^35^S\]cysteine and then incubated with chase medium for one hour in the presence of iodoacetamide (Sigma-Aldrich). Cells were lysed and αENaC was immunoprecipitated as described above.

Membrane Protein Biotinylation
------------------------------

Biotinylation and recovery of apical membrane proteins were performed essentially as described ([@bib11]) using Sulfo-NHS-SS-Biotin (Pierce Chemical Co.). For chase experiments, cells were returned to the incubator after finishing the biotinylation procedure. Protein concentration in the cell lysates was measured with the BCA kit (Pierce Chemical Co.) and equal amounts of total protein were processed. Biotinylated proteins were recovered with streptavidine-agarose beads (Pierce Chemical Co.). The amount of added beads was adjusted to ensure complete recovery of biotinylated proteins from lysates. Biotinylated proteins were eluted from the beads by heating to 90°C in SDS-PAGE sample buffer.

Western Blot Analysis
---------------------

After separation in 10% SDS-PAGE gels, proteins were transferred to Immobilon-P membranes (Millipore) and ENaC subunits were detected by Western blotting with affinity purified anti-*x*ENaC antibodies at 1:2,000 dilution. Actin and calnexin were detected with commercially available antibodies (mouse monoclonal antiactin antibody, Chemicon International; rabbit polyclonal anticalnexin antibody, StressGen Biotechnologies). Anti--rabbit or anti--mouse IgG secondary antibodies conjugated to peroxidase (Sigma-Aldrich) were used at 1:10,000 dilution and the signal was developed with the ECL+ system (Amersham Pharmacia Biotech). Quantification of Western blot signals was performed as described for immunoprecipitation experiments.

Northern Blot Analysis
----------------------

Total RNA from A6 cells grown on filters was extracted with the RNeasy kit (QIAGEN) and quantified by absorption spectroscopy. RNA was fractionated on glyoxal/dimethyl sulfoxide agarose gels and transferred to nylon membranes as described ([@bib28]). Probes including the entire cDNA of each of the *x*ENaC subunits or β-actin were labeled with ^32^P-dCTP by random priming and used to detect the specific mRNAs by hybridization and autoradiography. Intensities of bands were quantified with a laser-scanning densitometer and normalized to the signal given by β-actin.

Equivalent Short-circuit Current Measurements
---------------------------------------------

The V~T~ and I~sc~ across confluent monolayers of A6 cells were measured with Ag/AgCl~2~ electrodes (made at Yale electronics shop) connected to a DVC-1000 voltage/current-clamp apparatus (World Precision Instruments). Transepithelial resistance (R~T~) was calculated from V~T~ and I~sc~ using Ohm\'s law.

Patch-clamp Experiments
-----------------------

For patch clamp experiments A6 cells were grown on 0.33-cm^2^ transparent permeable supports (Falcon; Becton Dickinson). 7 d after seeding, serum was removed from cultures for 24 h (control group) and 100 nM aldosterone was added for ∼12 h (aldosterone-treated group). Cups were cut 4--5 mm above the membrane with a fine saw before placement on the recording chamber to allow access to the apical membrane with the patch pipette and perfusion of the apical and basolateral sides of the filters. Cell-attached patches were performed with patch pipettes pulled from borosilicate glass (LG16; Dagan Corporation) using a micropipette puller (PP-83; Narishige, Scientific Instrument Lab). Pipettes were fire-polished to a final tip diameter of 1 μm and coated with Sylgard when filled with solutions had resistances of 5--10 MΩ. Unitary currents were recorded with an Axopatch-200B amplifier (Axon Instruments, Inc.) using a DigiData 1200 interface and pClamp 8.01 software both from Axon Instruments, Inc. Data were acquired at 2 kHz, filtered at 1 kHz, and stored on a computer hard disc for analysis.

The composition of the pipette solution was (in mM): 100 NaCl, 3 KCl, 1 CaCl~2~, 10 HEPES, pH adjusted to 7.4. Chamber solution was serum-free culture medium buffered to pH 7.4 with 10 mM HEPES. Recordings were done at 40 mV in the pipette and at room temperature.

The apparent number of channels per patch was determined from the maximal number of transitions observed during at least 10 min of continuous recording. Open probability was calculated from the value of NP~o~ using pClamp software.

Statistical Analysis
--------------------

Data points represent the mean of N number of independent experiments ± SEM. Differences between groups were evaluated with nonpaired *t* test. P and N values are given in the text or figure legends.

RESULTS
=======

Characterization of Specific Antibodies Against Xenopus ENaC Subunits
---------------------------------------------------------------------

We developed specific antibodies against α, β, and γ subunits from *x*ENaC. Specificity of the antibodies was first tested by their ability to immunoprecipitate *x*ENaC subunits expressed in transiently transfected A6 cells and \[^35^S\]-radiolabeled for 15 min. α subunit was detected as a single band migrating at 85 kD, β subunit at 100 kD, and γ subunit at 90 kD ([Fig. 1](#fig1){ref-type="fig"} A). Electrophoretic migration of each of the proteins corresponds to the molecular weight of the core glycosylated form as predicted by the sequence of the corresponding cDNA ([@bib24]). No signal was detected in untransfected cells ([Fig. 1](#fig1){ref-type="fig"} A). We next used the antibodies to detect endogenous *x*ENaC expressed in A6 cells grown on filters for at least 8 d and \[^35^S\]-radiolabeled for 2 h. The α antibody immunoprecipitated two bands, one at 85 kD, previously shown in transfected cells, and a second one that migrated at 65 kD. Both bands could be competed away by including GST-α fusion protein in the immunoprecipitation mix and were undetectable with preimmune serum ([Fig. 1](#fig1){ref-type="fig"} B). Anti-β antibody immunoprecipitated proteins of 100 and 115 kD, whereas the γ antibody recovered a single band of 90 kD. In both cases the bands were not present when the immunoprecipitation was competed with the corresponding fusion protein or when preimmune serum was used ([Fig. 1](#fig1){ref-type="fig"} B). Affinity-purified antibodies detected the same bands when used on Western blots of a crude microsomal fraction of A6 cells grown on filters ([Fig. 1](#fig1){ref-type="fig"} C).

![Antibody characterization and recognition of endogenously expressed ENaC in A6 cells. (A) A6 cells grown on plastic were transiently transfected with plasmid constructs containing α, β, or γ ENaC subunits. Cells were pulse-labeled for 15 min with \[^35^S\]-methionine and \[^35^S\]-cysteine and each subunit was immunoprecipitated with anti-*Xenopus* ENaC antibodies. Negative controls of mock-transfected cells were included in each experiment. (B) Polarized A6 cells grown on filters were \[^35^S\]-labeled for 2 h and endogenous ENaC subunits were immunoprecipitated with anti-*Xenopus* ENaC antibodies. Controls, including the immunogenic fusion proteins or with preimmune serums, are also shown. (C) Microsomal proteins from A6 cells grown on filters were resolved on a 10% SDS-PAGE, transferred to membranes, and detected with the specific *x*ENaC antibodies by Western blots.](8559f1){#fig1}

State of Glycosylation of the ENaC Subunits in A6 Cells
-------------------------------------------------------

The state of glycosylation of the ENaC subunits was investigated in polarized A6 cells grown on permeable supports. Cells were radiolabeled for 2 h and ENaC subunits were recovered from whole-cell lysates by immunoprecipitation. Samples were treated with PNGase-F or with Endo-H to remove N-linked oligosacharides or the mannose sensitive component, respectively. The anti-α antibody immunoprecipitates two proteins, as previously shown in [Fig. 1](#fig1){ref-type="fig"} B. Treatment with PNGase-F shifts migration of the 85-kD band (marked with an asterisk in [Fig. 2](#fig2){ref-type="fig"}) to ∼75 kD, which is the predicted mol wt of the nonglycosylated α subunit, whereas the 65-kD band (marked with X) shifts to 55 kD. The 10-kD change after deglycosylation in the two α bands suggests that they have the same number of N-linked oligosaccharides.

![Glycosylation of ENaC subunits. A6 cells grown on filters were metabolically labeled for 2 h and α, β, and γ subunits were immunoprecipitated with the corresponding specific antibody. Parallel samples were treated with PNGase-F or Endo-H. Deglycosylated bands are indicated with arrows. Arrowheads point to endo-H--resistant bands. Asterisks mark the slower migrating bands and crosses mark the faster migrating bands of the α subunit.](8559f2){#fig2}

Digestion with Endo-H shifts the 85-kD α band to 75 kD, whereas the 65-kD band is almost completely resistant. These results indicate that the 65-kD α band is located in the Golgi and/or post-Golgi compartments where sugars become resistant to digestion by Endo-H.

The anti-β antibody immunoprecipitates proteins of 115 and 100 kD. Both are sensitive to PNGase-F, which brings the mol wt to 80 kD, as predicted from the cDNA sequence. In contrast, Endo-H deglycosylates only the 100-kD protein and leaves intact the 115 kD; hence, the latter contains more matured sugars ([Fig. 2](#fig2){ref-type="fig"}).

The γ subunit was recovered from the lysates as a single band of ∼90 kD, which was sensitive to PNGase-F and Endo-H. After treatment with these enzymes, the γ subunit appears as a doublet that could represent partial deglycosylation ([Fig. 2](#fig2){ref-type="fig"}).

Maturation of the α Subunit Gives Rise to a Form with Smaller Apparent Mol Wt
-----------------------------------------------------------------------------

As indicated in the previous section, *Xenopus* α subunit is detected on SDS-PAGE as two bands, 85 and 65 kD, suggesting that a fraction of the α proteins undergoes a posttranslational modification that changes its mobility. We investigated the nature of the modification by first examining whether the change in apparent MW results from a proteolytic cleavage of the α subunit. It has been previously postulated that ENaC residing in the apical membrane might be activated by extracellular proteases (trypsin) ([@bib7]) or proteases tethered to the apical membrane, such as CAP1 ([@bib39]), that could cleave the extracellular domain of the subunits. Since our antibody recognizes the COOH terminus of α, the change in molecular size can only be explained by a loss of residues from the NH~2~ terminus of the protein. A fusion protein linking GFP to the NH~2~ terminus of αENaC was generated and the cDNA construct was transfected in A6 cells. After metabolic labeling for 2 h, we recovered α subunits by immunoprecipitation with a commercial polyclonal anti-GFP antibody or with the antibody against the COOH terminus of the α subunit. As shown in [Fig. 3](#fig3){ref-type="fig"} A, both antibodies immunoprecipitated the two proteins. One band was detected at ∼115 kD, the expected molecular weight for the GFP-α fusion protein, whereas the second band was detected at ∼95 kD, a 20-kD difference, as was observed with the wild-type αENaC. This result indicates that the change in mobility of α is not due to proteolysis because the NH~2~ and COOH termini are present in the protein.

![Maturation of *x*ENaC α subunit. (A) A6 cells grown on plastic were transiently transfected with a plasmid construct expressing a GFP-αENaC fusion protein. Cells were metabolically labeled for 2 h and the recombinant protein was immunoprecipitated with antibodies against α COOH terminus or against GFP. Negative controls of mock-transfected cells are shown. (B) Endogenously expressed αENaC in A6 cells grown on permeable supports was immunoprecipitated and treated with phosphatases CIP or SAP. Independently, cells were treated with IAA. The slower migrating band of the α subunit disappeared after treatment with IAA.](8559f3){#fig3}

We next investigated the possibility that phosphorylation could account for the aberrant migration in SDS-PAGE. Immunoprecipitated \[^35^S\]-radiolabeled α*x*ENaC was treated with phosphatases (calf intestinal alkaline phosphatase or shrimp alkaline phosphatase). Neither of these enzymes altered the migration of the two bands, indicating that phosphorylation is not implicated in the change of mobility ([Fig. 3](#fig3){ref-type="fig"} B). In contrast, alkylation with iodoacetamide (IAA) in the presence of the reducing agent DTT completely eliminated the lower band ([Fig. 3](#fig3){ref-type="fig"} B). This result indicates that the *Xenopus* α subunit is prone to form disulfide bridges resistant to reducing agents. Moreover, the formation of stable disulfide bridges does not occur in recently synthesized protein, but after it has acquired resistance to Endo-H ([Fig. 2](#fig2){ref-type="fig"}). The most convincing evidence that the 65-kD band corresponds to a modification of the α subunit is provided by pulse-chase experiments (see [Fig. 6](#fig6){ref-type="fig"} A), which will be described later in this section.

![Turnover of the total cellular pool of ENaC subunits without and with aldosterone. (A) Control cells or cells pretreated with aldosterone for 6 h were pulse-labeled with \[^35^S\]-methionine and \[^35^S\]-cysteine for 30 min and then chased with cold medium for the indicated periods of time (minutes). α, β, and γ subunits were immunoprecipitated from the lysates and resolved on SDS-PAGE. A representative autoradiograph of each subunit is shown. (B) Scanning densitometry values from autoradiographs shown in A. Values were normalized to the 0 time-point.](8559f6){#fig6}

Steady-state Levels of Total and Cell Surface ENaC Subunits
-----------------------------------------------------------

We next examined the levels of expression of the three subunits of ENaC in the whole cell and in the apical plasma membrane and the effect of aldosterone on the abundance of channels in these cellular locations. Levels of expression of α, β, and γ subunits were assessed by Western blot analysis of whole cell lysates and of surface biotinylated proteins ([Fig. 4](#fig4){ref-type="fig"} B). Western blots of total protein indicated that aldosterone increases the abundance of the three subunits by three- to fivefold as shown in the graphs from [Fig. 4](#fig4){ref-type="fig"} B (open circles), where each data point represents the mean value (±SEM) from densitometric analysis of five independent experiments.

![Steady-state levels of total and cell surface ENaC subunits. (A) A6 cells apical plasma membrane proteins were biotinylated, recovered from cell lysates with streptavidine beads, and analyzed by Western blot with antibodies against actin, calnexin, and *x*ENaC subunits. Actin and calnexin blots include a lane with an extract of total proteins and a lane with biotinylated protein. (B) A6 cells were treated for indicated times with 100 nM aldosterone followed by apical biotinylation. Aliquots of cell lysates containing 20 μg of protein were analyzed by Western blot with anti--*x*ENaC antibodies (total protein). Biotinylated proteins were recovered with streptavidine-agarose beads and analyzed by Western blot (plasma membrane). Representative experiments are shown for each subunit. (B) Time course of the change in abundance of total (circles) and surface (squares) subunits examined by scanning densitometry. Each data point represents the mean ± SE of five experiments. Student\'s *t* tests were used to compare the value at each time point with the value at 0 h. Asterisks above dotted line refer to plasma membrane values. Asterisks below solid line refer to total protein values. \*, *P* \< 0.05; \*\*, *P* \< 0.01.](8559f4){#fig4}

Expression of apical channels was evaluated by surface biotinylation of apical proteins with an impermeant analogue of biotin. Biotinylated proteins were recovered with streptavidine-agarose beads and detected with specific antibodies for each of the subunits of *x*ENaC. To ensure that only ENaC resident in the plasma membrane and not in intracellular compartments was being detected by this procedure, we performed controls with intracellular proteins. Actin, a cytoskeletal protein, and calnexin, an abundant ER-resident plasma membrane protein, were used as controls for the specificity of surface biotinylation. These proteins could be detected in cell lysates, but not in the pool of proteins recovered after apical biotinylation ([Fig. 4](#fig4){ref-type="fig"} A), indicating that neither surface biotinylation nor the recovery procedure of biotinylated proteins was contaminated by intracellular proteins.

The levels of biotinylated α, β, and γ subunits followed a progressive increment after treatment with aldosterone of similar magnitude as the one detected in whole cell lysates ([Fig. 4](#fig4){ref-type="fig"} B). The aldosterone effect was already apparent at 3 h and reached a peak at 6 h (squares [Fig. 4](#fig4){ref-type="fig"} B).

Interestingly, biotinylation of the apical proteins detected core and complex-glycosylated α and β subunits, and only core-glycosylated γ; thus, complex glycosylation is not required to reach the plasma membrane.

Synthesis of ENaC Subunits
--------------------------

The increased abundance of ENaC subunits induced by aldosterone can reflect an increase in the rate of synthesis, a decrease in the rate of degradation, or a combination of these two processes. We first investigated the rate of synthesis of the three subunits in the presence of aldosterone. Cells were treated with aldosterone for 0, 1, 3, or 6 h, metabolically labeled for a 15-min pulse and immunoprecipitated with ENaC antibodies. [Fig. 5](#fig5){ref-type="fig"} A shows a representative example of the rate of synthesis of α, β, and γ ENaC and [Fig. 5](#fig5){ref-type="fig"} B shows the time course of the aldosterone effect on protein synthesis obtained by averaging four independent experiments. Aldosterone increased the rate of synthesis of the three subunits with similar kinetics. Maximal effect, fourfold increase, was observed with a pretreatment of 6 h, although at 3 h there was already a significant increase in protein synthesis.

![Aldosterone effects on the rate of synthesis of ENaC subunits. (A) A6 cells grown on filters were pretreated with 100 nM aldosterone for the indicated periods of time (in hours). Cells were then metabolically radiolabeled for 15 min and ENaC subunits were immunoprecipitated. A representative example for α, β, and γ subunits is shown. (B) Graphs represent the time course of the rate of synthesis of subunits in the presence of aldosterone. Values were normalized to the 0 time-point. Autoradiographs were analyzed by scanning densitometry. Each data point is the mean ± SE of four independent experiments. \*, *P* \< 0.05.](8559f5){#fig5}

In the experiment shown in [Fig. 5](#fig5){ref-type="fig"} A, the α subunit is detected as a single band that migrates at 85 kD. The 65-kD band does not show in this experiment because during the 15 min of labeling, modification and processing of the α subunit have not yet occurred, and only the early 85-kD band is apparent. The same is true for the β subunit.

Rate of Degradation and Half-life of ENaC Subunits in the Whole Cell and in the Apical Membrane
-----------------------------------------------------------------------------------------------

The previous experiments demonstrated a coordinated increase in the steady-state abundance and in rate of synthesis of the three subunits induced by aldosterone. However, aldosterone could also increase the levels of ENaC protein by stabilizing the subunits. To address this possibility we examined the rate of degradation in the absence and presence of aldosterone. Pulse-chase experiments of metabolically radiolabeled cells were used to assess the *t* ~1/2~ of the whole population of ENaC expressed in cells. Each of the subunits was immunoprecipitated after several chase periods as indicated in [Fig. 6](#fig6){ref-type="fig"} A. Pulse-chase experiments of the α subunit show that during the 30-min pulse only the 85-kD band is present. The 65-kD band appears during the chase and is evident at the 45 min time-point. This experiment demonstrates that the upper band gives origin to the lower form. To calculate the true half-life of the α subunit we added the intensity of the two bands at each time point. The values from densitometric analysis of the X-ray films are shown in [Fig. 6](#fig6){ref-type="fig"} B. The curves represent the fit of the data to a single exponential with *t* ~1/2~ values for control and aldosterone-treated cells of 72 and 60 min for α, 40 and 41 min for β, and 40 and 52 min for γ. This experiment was repeated twice with similar results.

[Fig. 6](#fig6){ref-type="fig"} A also shows maturation of the β subunit. During the pulse only the 110-kD band is evident. During the chase, the higher, more glycosylated, form first appears at the 45 min time point.

The results demonstrate that aldosterone does not change the rate of degradation of the whole population of channels in the cell. However, from a physiological perspective the stability of channels expressed at the apical membrane is of greater importance since this is the population that determines the rate of sodium reabsorption. The *t* ~1/2~ of channels in the plasma membrane was examined by pulse-chase experiments of biotinylated apical proteins. [Fig. 7](#fig7){ref-type="fig"} A shows Western blots of α, β, and γ subunits from cells biotinylated on the apical membrane and then chased for the indicated periods of time. After 45 min of chase all three subunits residing in the apical membrane have been almost completely degraded in the control and aldosterone-treated groups. No statistical difference assessed by *t* test was observed in the two groups and the data from both conditions were analyzed together (notice the small error bars for all three curves). [Fig. 7](#fig7){ref-type="fig"} B shows plots of the normalized values fitted to a single exponential. The predicted *t* ~1/2~s were 16.5 min for α subunit (*n* = 12), 17 min for β (*n* = 11), and 11 min for γ (*n* = 10).

![Stability of ENaC in the apical plasma membrane of A6 cells. (A) Control and aldosterone-treated A6 cells were biotinylated on the apical membrane and chased for the times indicated (min). Western blots of recovered biotinylated apical subunits. (B) Time curse of the decay in surface subunits measured by scanning densitometry normalized to the 0 time-point. Each data point is the mean ± SE of 12 (α), 11 (β), or 10 (γ) independent experiments.](8559f7){#fig7}

To further investigate the pathway of degradation of the apical channels we examined the effects of blocking lysosomal activity with chloroquine. Proteins from the apical membrane were biotinylated and then chased in the absence or presence of chloroquine. As indicated in [Fig. 8](#fig8){ref-type="fig"} , in the control cells the subunits of ENaC almost disappeared after 45 min of chase, whereas in chloroquine-treated cells the subunits remained stable, indicating that most of the apical channels are removed from the plasma membrane and then degraded in lysosomes.

![Chloroquine effects on the half-life of ENaC subunits in the plasma membrane. A6 cells were treated as in [Fig. 7](#fig7){ref-type="fig"}, except that 100 μM chloroquine was added to one group of cells during the chase time. Western blots are shown for each of the three ENaC subunits for the control and chloroquine treated cells.](8559f8){#fig8}

These experiments show that apical channels are degraded faster than intracellular channels and that the degradation of the three subunits occurs in a synchronous fashion. Moreover, aldosterone does not affect the stability of ENaC inside the cell or at the apical membrane.

Effect of Aldosterone on Transcription of the xENaC Subunits
------------------------------------------------------------

So far, the data indicate that aldosterone increases the synthesis of the three subunits. It is not clear, in kidney as well as in A6 cells, whether this effect is mediated by increased transcription of the subunits stimulated directly by aldosterone or whether an aldosterone-induced protein increases the translation of the subunits. We investigated a direct effect of ENaC transcription by measuring mRNA levels of α, β, and γ in A6 cells at various times points after stimulation with aldosterone ([Fig. 9](#fig9){ref-type="fig"} A). The densities of bands corresponding to the ENaC subunits from Northern blots were normalized to the density of *Xenopus* β-actin in the same blot and the values were plotted in the graphs shown in [Fig. 9](#fig9){ref-type="fig"} B, where each data point is the average of four independent experiments. A small but consistent increase in mRNA abundance of the three subunits was detected after stimulation with aldosterone. The effect reached a peak of 1.5- to 2-fold increase after 3 h of treatment. This effect, although modest, could account for the fourfold increase in the abundance of protein. However, we cannot rule out that additional mechanisms increase the translation of the subunits.

![Time-course analysis of aldosterone effects on the abundance of mRNA from ENaC subunits. (A) A6 cells were grown for 10 d on filters, switched to serum-free medium for 2 d, and pretreated with 100 nM aldosterone for the indicated periods of time (in hours). Total RNA was extracted and analyzed by Northern blot with specific probes for α, β, and γ *x*ENaC subunits. *Xenopus* β-actin served as an internal standard for RNA loading. (B) Intensity values were obtained with a phosphorimager and were normalized to the control. Each data point in the graph represents the mean ± SE of four independent experiments. \*, *P* \< 0.05.](8559f9){#fig9}

Effects of Aldosterone on xENaC Activity
----------------------------------------

Finally, we addressed whether, in our experimental model and conditions, the increase abundance of apical subunits is accompanied by a similar increase in channel function. We determined ENaC activity and the time course of the aldosterone response in A6 cells by measuring the amiloride-sensitive component of equivalent I~sc~. Addition of 100 nM aldosterone increased the I~sc~ fourfold from a basal level of 10.7 ± 1.4 μA/cm^2^ to 42 ± 2.3 μA/cm^2^ after 6 h of treatment (squares [Fig. 10](#fig10){ref-type="fig"}) . The effect was evident at 1 h as indicated by the small but significant difference in I~sc~ between the 0 and 1 h data points (*P* \< 0.01, *n* = 10). The I~sc~ from control cells remained stable over the 6-h period of observation (circles [Fig. 10](#fig10){ref-type="fig"}). The increase in I~sc~ was paralleled by a change in the V~T~ from −40.1 ± 3.3 mV to −84.7 ± 5 mV, and by a decrease in R~T~ from 3.8 ± 0.5 to 2 ± 0.1 kOhms/cm^2^. The values we obtained with and without aldosterone agree with previously published results from several groups, indicating that under our experimental conditions A6 cells exhibited the standard behavior ([@bib5]; [@bib39]; [@bib35]).

![Effect of aldosterone on the electrical properties of A6 cells grown on permeable supports. (A) Time course of I~sc~ (μA/cm^-2^) from control cells (circles) and 100 nM aldosterone-treated cells (squares). (B) V~T~ (mV). (C) R~T~ (kΩ/cm^2^). Measurements were done 10 d after seeding. Each data point represents the mean ± SD of 10 independent measurements. \*, *P* \< 0.05.](8559f10){#fig10}

We wished to further test our results by examining ENaC unitary currents with the patch clamp technique. After seven days in culture serum was removed for 24 h. The control group was kept for 8--12 h without serum and the treated group received 100 nM of aldosterone for 6--12 h before experiments. Only channels with small conductance (5 pS) and long open and closed events characteristic of ENaC kinetics were considered. Visual inspection of records did not reveal any significant differences in the kinetics of channels from control and aldosterone-treated cells. In both conditions channels exhibited long open and closed events, as illustrated by the representative examples of single-channel patches shown in [Fig. 11](#fig11){ref-type="fig"} . However, the frequency of finding ENaC in the patch was approximately five times greater in aldosterone-treated than in control cells.

![Representative examples of ENaC unitary currents from control and aldosterone-treated A6 cells. Traces show single-channel cell-attached patches from the apical membrane of A6 cells grown on permeable supports. The pipette solution contained 140 mM Na. Pipette voltage was 40 mV. Open and closed levels are indicated on the left. Bars in the right lower corner indicate current and time scales. Data were acquired at 2 kHz and filtered at 1 kHz for display.](8559f11){#fig11}

The number of channels per patch was obtained by counting channel levels observed during the whole length of the recording. In patches containing only two levels (open and shut), 6 min of continuous recording was enough to achieve \>0.95 confidence of the presence of only one channel ([@bib19]). However, in patches containing more levels it was not possible to determine with certainty the number of channels. Therefore, the values are given as apparent number of channels per patch (N) and not as absolute values. We analyzed only patches that lasted for at least 6 min: 15 and 27 patches from control and aldosterone groups, respectively. [Table I](#tbl1){ref-type="table"} summarizes the data. The average number of channels per patch in control and aldosterone-treated cells was similar in the two conditions, 1.47 ± 0.64 vs. 1.68 ± 1.0, respectively. However, patches with more than three channels were only seen in the aldosterone group.

###### 

Properties of Patches from Control and Aldosterone-treated Cells

     Control   Aldosterone               
  -- --------- ------------- ----- -- -- -----
                             min         min

N is the number of channels per patch. It was estimated by the maximal number of channel levels observed during the whole duration of the recording. P~o~ was calculated by dividing NP~o~ by N. Time (in minutes) indicates the duration of the recording. Only patches that lasted at least 6 min were included in the analysis. The last two rows show the mean ± SD of the values for all patches and for single-channel patches, respectively.

The open probability (P~o~) was calculated by dividing the value of NP~o~ by the calculated N. When all the patches were taken for the calculation, the P~o~ of control and aldosterone-treated cells were 0.55 ± 0.29 and 0.42 ± 0.24, respectively. These values were not statistically different. Since the calculation of the number of channels present in the patch is more reliable in patches with single channels, we also calculated the P~o~, taking only single-channel patches: 9 from control and 18 from the aldosterone group. The values were 0.58 ± 0.35 and 0.40 ± 0.27, respectively.

Together, the path clamp data indicate that aldosterone increases the number of active channels in the apical membrane, whereas the P~o~ is not significantly affected.

DISCUSSION
==========

Biosynthesis of xENaC in A6 Cells
---------------------------------

Like other multimeric proteins, synthesis and assembly of ENaC subunits are carefully controlled to ensure that only correctly assembled channels reach the plasma membrane. Our results indicate that in A6 cells transcription and translation of α, β, and γ subunits occur in a coordinated fashion, such that none of the subunits is limiting for the production of channels. Transcription and translation of ENaC occur at a slow rate under basal conditions and aldosterone enhances both processes. The effect of aldosterone on transcription is modest, only a twofold increase in the abundance of mRNA, whereas the effect on translation results in a fourfold increase in the rate of synthesis of the three subunits. The small but consistent increase in mRNA levels could be sufficient to increase the synthesis of subunits by approximately fourfold; however, an additional and direct effect of aldosterone on translation cannot be ruled out. The magnitude and time course of the increase in subunits abundance was mirrored by similar increases in I~sc~ (fourfold); therefore, an increase in channel number alone could account for the whole aldosterone response in A6 cells.

At the protein level our results differ from the ones obtained by [@bib22] in A6 cells. After 6 h of aldosterone treatment, they found an approximately six- and twofold increase in the rates of synthesis of α and β, but not of γ, subunits ([@bib22]). These results led them to propose that the α subunit was limiting in the formation of new channels. Several technical details differed between the study of [@bib22] and the present work. Our studies were designed chiefly to optimize immunoprecipitations and Western blots to be quantitative.

Studies performed in heterologous systems, transfected cells ([@bib12]), and injected *Xenopus* oocytes ([@bib38]) have not detected any molecular modifications that would indicate maturation of channels through the biosynthetic pathway (for review see [@bib27]). Here we report and characterize modifications of the endogenous *x*ENaC subunits in A6 cells. We show that α and β subunits acquire resistance to Endo-H during maturation. Interestingly, in the plasma membrane there is a mixed population of Endo-H--sensitive and --resistant subunits, indicating that complex glycosylation is not required for assembly and targeting of channels to the plasma membrane. We also report that a fraction of α subunits form disulfide bridges resistant to reducing agents. The modification induces a faster migration on SDS-PAGE, changing the apparent mol wt to 65 kD. This form of the α subunit carries exclusively Endo-H--resistant oligosaccharides; therefore, it is localized not in the ER but in Golgi/post-Golgi compartments. The 65-kD α subunit represents the major component at the apical membrane and is the form that becomes phosphorylated in A6 cells (unpublished data). The functional significance of complex glycosylation and the propensity of α to form resistant disulfide bridges are currently unknown, but they represent useful tools to follow the maturation of ENaC through the biosynthetic pathway. It is worth noticing that in the work by [@bib22], the 65-kD α subunit was not detected because they only performed 15-min pulse-label experiments. As we have shown in [Fig. 6](#fig6){ref-type="fig"}, this band appears 30--45 min after the completion of synthesis.

Abundance and Stability of ENaC at the Apical Membrane
------------------------------------------------------

Our results demonstrate that in A6 cells aldosterone changes the abundance of *x*ENaC in the apical membrane by a fourfold increase that takes place in a coordinated fashion for the three subunits. At 1 h after stimulation we did not detect a significant increase, but the relatively low sensitivity of the biotinylation technique does not rule out a small increment at this time point. The increase was clearly apparent at 3 h and continued for the following hours of treatment. These results, together with the increase in I~sc~ and the higher frequency of finding ENaC in patches, support the notion that aldosterone incorporates channels in the apical membrane, in contrast to activation of channels already present in the plasma membrane. Incorporation of channels to the apical membrane seems to reflect an increase in synthesis and delivery of newly synthesized channels. However, additional translocation of preexisting channels from a still not defined intracellular compartment could also contribute to the aldosterone response. The turnover of channels at the apical membrane (*t* ~1/2~ 12--17 min) is shorter than in the intracellular compartments (*t* ~1/2~ 40--70 min). However, in each of these locations the three subunits are degraded at similar rates. The short half-life of the subunits, in particular the short resident time in the plasma membrane, suggests that ENaC activity could be regulated, at least in part, by changing the rate of channel endocytosis. It has been documented previously that mutations in the COOH termini of the β and γ subunits decrease the rate of retrieval from the plasma membrane and thus increase the number of channels and sodium reabsorption in patients with Liddle\'s syndrome ([@bib29]; [@bib30]). Here, we found that aldosterone did not increase the stability of apical channels; no changes in the *t* ~1/2~ of any of the three subunits were observed with aldosterone treatment. Recent reports have suggested that phosphorylation of Nedd4--2 by *sgk*, an aldosterone-induced kinase ([@bib6]), may decrease the rate of endocytosis of ENaC ([@bib8]; [@bib32]). However, in a previous publication we showed that *sgk* did not affect the retrieval of ENaC from the plasma membrane of oocytes. Moreover, channels with deletions of the COOH termini from the three subunits, and thus unable to bind Nedd4--2, were able to increase sodium current in response to *sgk* ([@bib1]). Since the role of *sgk* in the aldosterone response has not yet been elucidated, it is premature and not supported by the results from this study, to conclude that aldosterone affects endocytosis of ENaC. The role of *sgk* in the aldosterone response is a question we are currently investigating. The values we obtained for the turnover rates of the subunits of ENaC at the apical membrane are shorter to the ones recently published in a transfected MDCK cell line ([@bib12]), where it was found that the three ENaC subunits had a *t* ~1/2~ of ∼1 h. However, Hanwell\'s data and ours contrast with the results obtained by [@bib40] in A6 cells. They reported a *t* ~1/2~ for apical α and γ subunits longer than 24 h, whereas the *t* ~1/2~ for β was much shorter (∼6 h) ([@bib40]; [@bib17]). The difference may arise from the use of different antibodies against the *x*ENaC subunits. Their anti--α ENaC antibody detected only a 180-kD protein or protein complexes, rather than the 85- and 65-kD bands seen here.

Mol Wt of the Subunits in the Apical Membrane: Implications for Regulation of Channel Function
----------------------------------------------------------------------------------------------

Several mechanisms proposed to regulate the activity of ENaC in the plasma membrane modify the molecular weight of the subunits. For instance, Nedd4 is thought to ubiquitinate the NH~2~ termini of α and γ subunits before endocytosis of ENaC ([@bib33]). Addition of a single ubiquitin moiety should increase the mol wt of the subunits by ∼8 kD, a change readily detectable in SDS-PAGE. However, we were unable to detect any changes in mol wt on the subunits in the plasma membrane or in the population of channels that had been endocytosed and awaited degradation in the lysosome ([Fig. 8](#fig8){ref-type="fig"}). Perhaps ubiquitin is rapidly removed from the ENaC subunits after endocytosis preventing its detection. Another regulatory protein that has been proposed to modify ENaC is CAP1. CAP1 is a serine protease tethered to the apical membrane by a GPI anchor. It was first cloned from A6 cells and was shown to increase ENaC activity ([@bib39]). Although it was not demonstrated, it was suggested that cleavage of the extracellular domain of one of the subunits mediated the activation. Later, [@bib20] invoked cleavage of the γ subunit to explain the appearance of a band of lower molecular weight than the wild-type γ subunit in Western blots from aldosterone-treated animals. We detected only subunits with the full amino acid sequence at the apical membrane of A6 cells. Either the cleaved subunits are present in low abundance below the sensitivity of our detection assays or CAP1 has an indirect mechanism of action in A6 cells.

Effects of Aldosterone on Number and P~o~ of ENaC in the Apical Membrane
------------------------------------------------------------------------

Extensive characterization of *x*ENaC kinetics was beyond the scope of this work. Our purpose was to correlate the biochemical data with the activity of ENaC given by functional channels at the plasma membrane. Moreover, our studies sought the relative change in number of channels and P~o~ induced by aldosterone and not the absolute values of these parameters. Cell-attached patches from the apical membrane of A6 cells grown on permeable supports revealed the presence of unitary currents with properties characteristic of ENaC both in control and in aldosterone-treated cells. The chief difference between the two groups was the abundance of channels as manifested by a higher frequency of obtaining patches with channels (fourfold higher in the aldosterone group) and the slight increase in the number of channels per patch in the aldosterone-treated cells. On the other hand, P~o~ was variable in both groups and not statistically different. We observed long open and close events in both groups, suggesting that the kinetics of individual channels were not different. Our observations agree with results from noise analysis that showed an increase in the number of channels induced by aldosterone without changes in P~o~ in A6 cells ([@bib14]). However, other studies have proposed that aldosterone activates ENaC by methylation of channels and this modification increases the P~o~ and changes the kinetics of ENaC in aldosterone-treated A6 cells ([@bib26]; [@bib34], [@bib35]). In rat kidney, methyl donors did not affect ENaC activity ([@bib9]). An explanation for the differences may be that we only took into consideration channels with the canonical features of ENaC: small conductance and long mean open and closed times. Whereas in the previous works, channels with different kinetics and conductance were included in the analysis ([@bib35]).

In summary, the patch-clamp data indicate that aldosterone increased the number of active ENaC channels in the apical membrane and thus agree and support the results from the biotinylation experiments.

Do Our Findings in Cell Culture Apply to the Intact Animal?
-----------------------------------------------------------

The low abundance and inaccessibility of principal cells from the collecting duct make it difficult to perform the type of biochemical studies needed to elucidate the biosynthesis of ENaC and molecular mechanisms that mediate the aldosterone response. Using a cell line overcomes these problems but raises the question of whether the results can be extended to the physiology of ENaC in whole animals. Specifically, we would like to know whether aldosterone is required for transcription and translation of ENaC under basal conditions and whether increased aldosterone levels are followed by new synthesis and more channels in the whole animal. Numerous lines of evidence from in vivo studies indicate that transcription of ENaC in the kidney takes place in the absence of aldosterone. In a knockout mouse of the mineralocorticoid receptor gene, mRNA from the three subunits of ENaC and a small amiloride-sensitive component of Na^+^ reabsorption by the kidney (1/4 of wild-type animals) were detected ([@bib4]). Similarly, in adrenalectomized rats the mRNAs from the three ENaC subunits are expressed in the kidney ([@bib36]). Unfortunately, in these and in other in vivo studies it has not been shown whether protein abundance correlates with the levels of mRNA. However, rats maintained on a normal chow do express ENaC, as demonstrated by Western blot analysis ([@bib20]). In spite of presence of channels, microperfusion ([@bib25]; [@bib37]) and patch-clamp studies on the rat CCD ([@bib23]) have repeatedly shown little ENaC activity in control animals. These findings have led to propose that, at least in some species, channels may not reach the plasma membrane in the absence of high levels of aldosterone. A mechanism(s) that controls surface expression of channels may operate more tightly in vivo than in cultured cells in which ENaC gets to the apical membrane and is functionally active without steroids (glucocorticoids or mineralocorticoids). Whether *sgk* is responsible for this difference is an open question.
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